Abstract The suprachiasmatic nucleus (SCN) is the locus of the master circadian clock, setting the daily rhythms in physiology and behavior and synchronizing these responses to the local environment. The most important of these phase-setting cues derive from the light-dark cycle and reach the SCN directly via the retinohypothalamic tract (RHT). The SCN contains anatomically and functionally heterogeneous populations of cells. Understanding how these neurons access information about the photic environment so as to set the phase of daily oscillation requires knowledge of SCN innervation by the RHT. While retinal innervation of the SCN has long been a topic of interest, the information is incomplete. In some instances, studies have focused on the caudal aspect of the nucleus, which contains the core region. In other instances, subregions of the nucleus have been delineated based on projections of where specific peptidergic cell types lie, rather than based on double or triple immunochemical staining of distinct populations of cells. Here, we examine the full extent of the mouse SCN using cholera toxin β (CTβ) as a tracer to analyze RHT innervation in triple-labeled sagittal sections. Using specific peptidergic markers to identify clusters of SCN cells, we find 3 distinct patterns. First is an area of dense RHT innervation to the core region, delineated by gastrin-releasing peptide (GRP) and vasoactive intestinal peptide (VIP) immunoreactive cells. Second is an area of moderate RHT fiber clusters, bearing arginine-vasopressin (AVP)-positive cells that lie close to the core. Finally, the outermost, shell, and rostral AVPcontaining regions of the SCN have few to no detectable retinal fibers. These results point to a diversity of inputs to individual SCN cell populations and suggest variation in the responses that underlie photic phase resetting.
The suprachiasmatic nucleus (SCN) is the locus of the brain's master circadian clock, serving to set the phase of both physiological and behavioral circadian rhythms throughout the body (Antle and Silver, 2005; Mohawk et al., 2012) . Located in the anterior hypothalamus, this bilateral nucleus consists of ~20,000 peptidergically diverse cells, localized in distinct clusters through its spatial extent. Light is the most salient signal to set the phase of biological rhythms, and the SCN receives photic input directly 584058J BRXXX10.1177 
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via the retinohypothalamic tract (RHT) (Hendrickson et al., 1972; Moore and Lenn, 1972) . Characterizing retinal input to the SCN is therefore key to understanding mechanisms of entrainment and resetting of circadian rhythms by light. Such information is also important for the understanding of the functional connectome of the SCN.
Retinal innervation of the mammalian SCN, including that of the mouse, has been extensively investigated, with some inconsistencies among reports (reviewed in Morin and Allen, 2006) . Of specific interest in many studies has been the density of RHT input to the 2 broad functional domains of the SCN-the "core" inner aspect of the SCN, lying closest to the optic chiasm and characterized by the presence of vasoactive intestinal peptide (VIP) and gastrin-releasing peptide (GRP)-containing cells in the mouse, and the "shell" outer aspect of the nucleus, characterized by the presence of arginine-vasopressin (AVP)-containing cells (Miller et al., 1996; Abrahamson and Moore, 2001 ). At issue is whether RHT projections are largely constrained to the core region, whether they also reach other regions of the nucleus, and the relative density of fibers in each of these areas.
Initial reports using autoradiography to trace RHT projections indicated innervation of the entire nucleus (Cassone et al., 1988) . However, later studies using cholera toxin β (CTβ) to trace retinal input to the SCN came to varying conclusions. Abrahamson and Moore (2001) examined RHT innervation of the hypothalamus, including the SCN, in sample coronal sections in the rostral, mid, and caudal regions of the mouse SCN, using CTβ for tract tracing. Overall, the results indicated that the RHT projects predominantly to the SCN core and that the medial and dorsomedial shell are almost devoid of fibers. More specifically, they note that in the rostral third of the SCN, RHT fibers are located primarily ventrally. In the middle third of the SCN, the dorsomedial and far ventrolateral regions (shell) are devoid of CTβ-labeled fibers. In the caudal third of the nucleus, labeled fibers are in the core. In this carefully documented work, the delineation of core and shell areas was achieved in Nissl-stained sections: immunocytochemical peptidergic staining was performed in a different series of sections than those used for tract tracing, and therefore identification of associations with specific regional cell clusters was not attempted. Morin and colleagues (2006) examined RHT using triple-label immunocytochemistry (ICC) with 2 fluorophores for CTβ tract tracing to assess the contribution from each eye, as well as Nissl staining or AVP immunoreactivity (ir) to delineate SCN. These authors note that the densest region of innervation is the ventrolateral SCN, with some innervation throughout the entire nucleus. They used a semi-quantitative method to evaluate the density of ipsi-and contralateral retinal terminal fields in various parts of the SCN. Here, both coronal and horizontal sections point to the presence of a dense terminal sector in the ventrolateral SCN and sparse RHT terminals near the midline and dorsomedially adjacent to the third ventricle, evident at all SCN levels. In this detailed study, RHT afferents in the rostral-most region of the SCN (see Figure 1 in Abrahamson and Moore, 2001) were not discussed. In a third study, the question of RHT input to the hypothalamus was further addressed using transgenic mice to label afferents arising mainly from the M1 intrinsically photosensitive retinal ganglion cells (ipRGCs) (Hattar et al., 2006; Ecker et al., 2010) . Here the goal was to identify even very weak projections of the ipRGCs, so that brain areas known to have dense RHT projections, such as the SCN, appeared very dark and overstained, thereby masking possible regional differences in density. In addition, the alkaline phosphatase reporter and the colorimetric histochemical method used in this work produce a reaction product that diffuses away from the cellular elements that actually contain the enzyme, again exaggerating the area of staining.
With regard to SCN innervation by the RHT, several questions remain unanswered. RHT innervation from the full rostral to caudal extremes of the SCN has yet to be examined, as previous reports generally neglect the rostral-most (and, sometimes, the caudalmost) aspects of the nucleus. In addition, delineation of peptides characteristic of SCN subregions using double-or triple-label protocols is required to ascertain the extent of retinal innervation of specific clusters of peptidergic cells. To assess RHT projections along the full rostro-caudal extent of the SCN and to delineate input to distinct SCN subregions, we examined the entire extent of the SCN in sagittal sections, using CTβ tract tracing following monocular or binocular injection. Either GRP neurons (identified by green fluorescent protein immunoreactivity (GFP-ir), as in Karatsoreos et al., 2004) or VIP-ir neurons were used to delineate the core SCN, and AVP delineated the shell and marked the dorsal borders of the nucleus. In addition, PERIOD2 protein (PER2) was used as a second marker of the full extent of the SCN.
In sagittal sections, the main body of each SCN nucleus is ovoid and ~350 µm dorso-ventral × 600 µm rostro-caudal × 350 µm midline-lateral. In addition, each nucleus has a rostral, fingerlike projection measuring ~150 to 200 µm (Abrahamson and Moore, 2001) . In sagittal sections, the core region is labeled by VIP-and GRP-containing cells ( Figure 1A , columns 2 and 3) as was previously described in coronal sections (Karatsoreos et al., 2004) . Evaluation of the distribution of CTβ-labeled RHT fibers in relation to AVP and green fluorescent protein or VIP cells in sagittal sections indicates marked regional variations in RHT fiber density through the extent of the SCN (Figure 1 ). Supplemental Figure S1 shows the SCN on both sides of the brain in the animal shown in Figure 1A , providing a view of the variation due to the precise location of the cut in sectioning the tissue.
In the sagittal sections, at the lateral-most extreme of the SCN, delineated by AVP-ir neurons and devoid of GFP-ir neurons, RHT innervation is extremely sparse ( Figure 1A , column 1). More medially, dense RHT innervation is observed over a great extent of the SCN, within the GFP-ir core ( Figure 1A , column 2). Also, some RHT projections are seen in the inner ring of AVP-ir cells in the shell but are largely absent from the rostral area and outer ring of AVP-ir cells.
More medially ( Figure 1A , column 3), retinal fibers are lacking in the rostral fingerlike extension and in the outer ring of AVP cells in the rostral, dorsal, and caudal extremes of the main body of the nucleus. Finally, close to the midline, AVP-ir neurons lie below the third ventricle, but this SCN area lacks any RHT fibers ( Figure 1A, column 4) . Note that in this figure, our transgenic mouse (in which GFP was the marker for GRP-containing cells) provided the advantage of allowing visualization of cell bodies that are otherwise obscured by extensively arborizing GRP-ir fibers (Karatsoreos et al., 2004) . Figure 1B differs from Figure 1A in that VIP, rather than GFP, is used as a marker for the core. The sections in Figure 1B lie somewhat medial to those in Figure 1A but demonstrate the same general pattern of RHT fiber distribution. Of note, in the lateral SCN ( Figure 1B , column 2), RHT fibers are coextensive with the ventral strip of VIP neurons. Here, extensive VIP fibers extend dorsally but avoid the central area where GRP cells lie (Karatsoreos et al., 2004) . In the medial SCN, VIP cells and their processes overlap with regions of RHT innervation within the SCN core. The AVP-ir rostral SCN area and its fingerlike extension can be seen (in Figure 1B , column 3, row 2). There are no detectable CTβ fibers in this rostral-most region.
To relate the above results to the more commonly studied coronal views of the SCN, we present a rostral-to-caudal series of coronal sections stained for CTβ, AVP, and VIP (Figure 2 ). Both the extreme rostral and caudal AVP populations lack RHT innervation as visualized by CTβ, when observed in the coronal plane (rows 1, 2, and 7). The core area (defined by absence of AVP and/or presence of VIP cells) occupies the mid-SCN (rows 3-6) and courses from the middle to the lateral edge of the nucleus (Yan and Silver, 2002 ).
The specialized organization described above is consistent among animals and is shown in schematics for AVP-ir neurons and RHT projections in the SCN from 4 mice, representative of the 7 animals examined in the sagittal view ( Figure 3A) . The schematics are based on sections with the AVP cell populations corresponding to Figure 1A and B, columns 2 and 3, respectively. The small differences seen between sections may be due to interanimal variations ( Figure 1A vs. Figure 1B) or to slight differences in sectioning (Suppl. Figure S1) . Figure 3B provides a quantitative assessment of the relative optical density of CTβ-labeled RHT fibers in these 3 SCN regions. As there were no differences in RHT distribution between unilaterally and bilaterally injected animals (as previously reported in Abrahamson and Moore, 2001; , the data presented in Figure 3 were combined in the analysis of RHT density. The results indicate that the core region has dense retinal fiber staining; an inner ring of AVP-ir neurons lies within a region of less dense retinal fibers, while an outer ring of AVP cells includes very few detectable RHT fibers.
To confirm the outer boundaries of the SCN in sagittal sections, we examined CTβ staining in sections labeled with PER2 ( Figure 4A ). The results confirm the general pattern described in sections labeled with AVP ( Figure 4B and Figure 1) , in which there are dense RHT fibers in the core, an inner ring where PER2 and CTβ overlap, and an outer ring where PER2 but no CTβ is detected. In addition, one can detect an area of less dense RHT fibers in the central core area, as previously reported .
To evaluate distribution of RHT fibers at higher resolution, we examined fiber density in the core area and in the inner and outer ring of AVP cells in the SCN in confocal scans ( Figure 4B-E) . The results show dense fiber arborization in the core (C), sparse To evaluate distribution of RHT appositions in relation to AVP, VIP, and GFP-ir neurons, we used confocal microscopy ( Figure 5 ). The results show that RHT fibers make many appositions with GFP cells (left top panel) and VIP cells and fibers (right top panel) in the SCN core. In contrast, few appositions are seen on AVP cell bodies in the inner ring of AVP cells (left bottom panel) and none in the outer ring (right bottom panel).
The present study revisited the question of density of RHT fibers in the SCN using triple-label immunochemistry in sagittal sections. The protocol used enabled visualization of fibers through the entire nucleus and facilitated visualization of distinct subregions by using AVP or PER2 as markers for the shell, as well as VIP or GFP as markers for the core following injection of CTβ into the eye. The findings support the view that the retinal innervation of the SCN is not homogeneous (Morin, 2013) and contribute to the understanding of the regional distribution of RHT fibers to the SCN in relation to specific peptidergic cell types. Specifically, the greatest density of RHT fibers lies in the GFP/VIP-delineated core, and even this area contains a relatively sparser zone in its center. The shell area, defined by AVP cells, has an inner ring of sparse RHT fibers of lesser density than that of the core and an outer ring of cells where RHT fibers are rarely detected. The rostral-most part of the SCN, a little-studied aspect of the nucleus, is lacking in RHT fibers. The results were confirmed using both light and confocal microscopy. These aspects would be hard to detect in the absence of markers for RHT fibers and SCN cell types in the same section. Although the following methods do not speak directly to the issue of fiber density in various SCN subregions, functional studies of the time course of FOS, PER protein, and Per mRNA expression support the general conclusion that the core region is the first to respond to an acute light pulse (Castel et al., 1997; Silver, 2002, 2004) .
A constraint in the current work is the possibility that the CTβ tracing method used herein is not sufficiently sensitive to detect all axons and connections. Such an issue might be addressed by using transsynaptic tracing or double-label immunoelectron microscopic methodologies. At the present time, such studies are onerous, although new automated methods may be forthcoming (Kim et al., 2014) .
In summary, the results of this study indicate a regionally distinct pattern of RHT innervation, with differential density of fiber distribution in subregions of the SCN. The findings are consistent with prior descriptions of RHT fiber distribution in the SCN, previous findings are extended by delineating associations with specific subtypes of SCN peptidergic cells, and the little studied rostral-most SCN region is characterized as free of detectable RHT fibers. Such information is key to understanding how photic cues reset the phase of cell-based oscillators of the SCN through actions on the networks of coupled cells of this nucleus. 
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